Employing two state-of-the-art methods, second-order many-body perturbation theory and multiconfiguration Dirac-Fock, highly accurate calculations are performed for the lowest 318 fine-structure levels arising from the 2s Complete and consistent atomic data, including excitation energies, lifetimes, wavelengths, and E1, E2, M1 line strengths, oscillator strengths, and transition rates among these 318 levels are provided. Comparisons are made between the present two data sets, as well as with other available experimental and theoretical values. The present data are accurate enough for identification and deblending of emission lines involving the n = 3, 4 levels and are also useful for modeling and diagnosing fusion plasmas. These data can be considered as a benchmark for other calculations.
Introduction
Walls of fusion reactors often contain alloys of molybdenum, and ions of Mo are present in the plasmas due to sputtering from the walls [1, 2] . Therefore, in order to simulate and diagnose plasmas that contain Mo as a constituent, accurate atomic data for different Mo ions are required. In view of this, soft X-ray emission lines from molybdenum plasmas generated by dual laser pulses were measured for different Mo ions [3] . Feldman et al. [4] On the theoretical side, excitation energies and radiative transition data for the low-lying states of the 2s 2 2p 4 , 2s2p 5 , and 2p 6 configurations were provided by different calculations [5] [6] [7] [8] [9] . Atomic parameters of the n > 2 levels are also needed for applications in plasma physics [10, 11] .
The present study is to provide a complete accurate data set of energy levels, radiative transition data, and lifetimes involving high-lying levels with principal quantum numbers n = 3, 4 in O-like Mo XXXV. This study is an extension of our previous work on O-like ions [12, 13] . Excitation energies, wavelengths, line strengths, oscillator strengths, transition rates, and lifetimes are provided here for the lowest 318 levels of the 2s 4l (l = s, p, d, f ) configurations using the many-body perturbation theory (MBPT) method [9, [14] [15] [16] [17] . In order to assess the accuracy of our MBPT calculations, the multiconfiguration Dirac-Fock (MCDF) and relativistic configuration interaction (RCI) method [18, 19] is used to calculate the corresponding data. The present study significantly increases the amount of accurate data for the n = 3, 4 levels of O-like Mo. The accuracy of our results is sufficient to directly aid and confirm experimental identifications.
Calculations
The MBPT method integrated in the FAC code [20] and the MCDF method implemented in the GRASP2K code [21, 22] are used to perform the calculations. Both of the methods have been successfully used to calculate atomic parameters for L-and M-shells systems with high accuracy [12, 13, . We only give an outline of the MBPT and MCDF calculations, since these two methods are described in our earlier work in detail.
MBPT
In the MBPT method, the Hilbert space of the system is divided into two subspaces, including a model space M and an orthogonal space N. By means of solving the eigenvalue problem of a non-Hermitian effective Hamiltonian in the space M, we can get the true eigenvalues of the Dirac-Coulomb-Breit Hamiltonian. The configuration interaction effects in the M space is exactly considered, and the interaction of the spaces M and N is accounted for with the manybody perturbation theory up to the second order. In the calculations, we include all states of the 2s 4s configurations in the model space M, Through the single and double (SD) virtual excitations of the states spanning the M space, all interacting virtual states necessary to properly describe interelectron correlations are contained in the space N. The maximum n values for the single/double excitations are 200/65, respectively, while the maximum l value is 20. The leading quantum electrodynamic (QED) effects are also considered in our work.
MCDF
The MCDF method has been described by Froese Fischer et al. [19] . Based on the active space (AS) approach [45] for the generation of the configuration state function (CSF) expansions, separate MCDF calculations are done for the even and odd parity states. We start the calculation without any excitation from the reference configurations which is usually referred to as the Dirac-Fock (DF) calculation. The reference configurations are the same as those included in the M space of the MBPT calculations described above. Subsequently, the CSFs expansions are obtained through the SD excitations from the shells of the reference configurations up to a n max l max orbital, with n max ≤ 8 and l max ≤ 5. To reduce the number of CSFs, the 1s Breit interaction and QED effects , i.e., vacuum polarization and self-energy, are included in the Hamiltonian. The number of CSFs in the final even and odd state expansions are approximately 5 060 000 and 3 930 000, respectively, distributed over the different J symmetries.
To provide the LS J labeling system used in databases such as the Atomic Spectra Database (ASD) of the National Institute of Standards and Technology (NIST) [46] , the wave functions in both the MCDF and MBPT calculations are transformed from a j j-coupled CSF basis into a LS J-coupled CSF basis using the methods developed by Gaigalas [47, 48] .
Results and Discussions
The computed excitation energies for the lowest 318 levels of the 2s Table 1 , along with the radiative lifetimes estimated from E1, E2, and M1 transition rates, and the LS Jcoupled and j j-coupled labels obtained from our calculations. Table 2 lists wavelengths λ i j , and E1, E2, M1 line strengths S ji , oscillator strengths g i f ji , and radiative rates A ji among the 318 energy levels along with branching fractions (BF ji =
obtained from both the MBPT and MCDF methods. All the E1 and E2 values are computed in the Babushkin gauge (equivalent to the non-relativistic length form), which is considered to be more accurate than the Coulomb gauge (equivalent to the nonrelativistic velocity form).
Excitation energies
Since excitation energies for O-like Mo are only available for the n = 2 levels in the previous experimental and theoretical studies, the MBPT and MCDF excitation energies are compared with the experimental values from the NIST ASD, and the other theoretical results calculated by Gu [7] and Vilkas et al. [9] in Table 3 For the remaining levels belonging to the n = 3 and n = 4 configurations, the relative difference between our two calculations for each level is shown in Table 1 . The average absolute difference with standard deviation of the present MBPT and MCDF energy values are 296 ± 646 cm −1 , corresponding to the average relative difference with the standard deviation of 0.001 % ± 0.002 %, which are satisfactory.
Wavelengths, transition rates, and lifetimes
Feldman et al. [4] transitions in a laser-produced plasma, and these lines have been compiled in the NIST ASD. In Table 4 , the experimental wavelengths for these 13 lines are compared with the present MBPT and MCDF results. Transition rates from our MBPT and MCDF calculations are also compared with each other in the table. As shown in Table 4 , the difference between the NIST and MBPT(MCDF) wavelength for each transition is within 0.1 %, which is quite satisfactory. Our MBPT and MCDF transition rates show good agreement with each other, the differences being within 5 %.
In the spirit of the uncertainty estimation method suggested by Kramida [49, 50, 51] , the difference δS of line strengths S from the MBPT and MCDF calculations for each E1 transition is defined as δS = |S MCDF − S MBPT |/max(S MCDF , S MBPT ). The averaged uncertainties δS av for line strengths S from the present MBPT and MCDF calculations for E1 transitions in various ranges of S are assessed to 1.7 % for S ≥ 10 Again, using the method suggested in [50, 51] , the uncertainties of the S values for M1 and E2 transitions are estimated. The estimated uncertainties for all E1, M1, and E2 transitions with BF ≥ 10 −5 are listed in Table 2 .
Our MBPT and MCDF lifetimes for the lowest 318 levels of the n ≤ 4 configurations in O-like Mo XXXV, which are calculated by considering all possible E1, M1, and E2 transitions, are listed in Table 1. For the lowest 10 levels of the n = 2 complex, the MCDF lifetimes agree very well with the MBPT results, and the differences are within 3 %. For the remaining 308 levels belonging to the n = 3 and n = 4 configurations, the average difference with the standard deviation is 0.5 % ± 4.2 %.
Conclusions
Employing two state-of-the-art methods (MBPT and MCDF), excitation energies and lifetimes of the lowest 318 levels for the n ≤ 4 configurations have been calculated for O-like Mo XXXV. Wavelengths, E1, M1, and E2 transition rates, line strengths, and oscillator strengths for the transitions among these 318 levels are also reported.
The accuracy of energy levels and transition probabilities is estimated by comparing the MBPT and MCDF results with available experimental and theoretical data. The average difference with the standard deviation with the NIST values for the n = 2 levels are −249 ± 748 cm for MCDF, which indicates the high accuracy of the present two calculations. For the n = 3, 4 levels, the average absolute difference of the present MBPT and MCDF energy values is 296 ± 646 cm −1 , corresponding to the average relative difference of 0.001 % ± 0.002 %, where the standard deviations are indicated after the values. The uncertainty of the line strength is assessed for each transition, and is available in Table 2 . The present calculations provide a consistent and accurate data set for line identification and modeling purposes, which can also be considered as a benchmark for other calculations. a The number at the end or in parentheses is 2J.
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